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This INT program will address open questions about the dynamics of gluons and sea quarks in the
nucleon and in nuclei. Answers to these questions are crucial for a deeper understanding of hadron and
nuclear structure in QCD at high energies. Many of them are relevant for understanding QCD final
states at the LHC, which often provide a background for physics beyond the standard model. The topics
addressed in this program have important ramifications for understanding the matter produced in heavy-
ion collisions at RHIC and the LHC.

http://www.int.washington.edu/PROGRAMS/10-3/
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10 week INT programme - Fall 2010

week | dates topics
13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
1 Sept Collider Energies"
P Agenda
o0—p4 | OPEN conceptual issues: factorization and universality, spin and flavor
2 Sept structure, distributions and correlations
P Agenda

small x, saturation, diffraction, nuclear effects; connections to p+A and
A+A physics; fragmentation/hadronization in vacuum and in medium

Agenda for week 3
Agenda for week 4
Agenda for week 5

parton densities (unpolarized and polarized), fragmentation functions,
6—7 18-29 | electroweak physics
Oct Agenda for week 6
Agenda for week 7
longitudinal and transverse nucleon structure; spin and orbital effects
8-9 1-12 (GPDs, TMDs, and all that)
Nov Agenda for week 8
Agenda for week 9
10 16—-19 | Workshop on "The Science Case for an EIC"
Nov Agenda for week 10

http://www.int.washington.edu/PROGRAMS/10-3/
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@ Gluons and the quark sea at high energies:
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snumTiLbpogram  distributions, polarization, tomography
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White Paper (almost complete?)



White Paper (almost complete?

« Chapter 3

~ Nucleus: A Laboratory for QCD

The mucleus, first discoverod ower 100 years 590 by the Rutherford's experimess s a1 the
hears of every atom. The stom is the bullding block of the visible matter in the universe. The
mckews has boem the subject of interse reseasch in mackear science ever inoe its discovery.
It is known to be componed of nucleons (protoss and seutrom), which ase bound states of
quarks and gloces

QCD muributes the forces among quarks and gluoes 10 their color charge. The color
confimement s the major myssery of QCD dynamues. As the fundamental theory of the
strong imeractions, QCD & respossdbile for binding quarks and gluons into mckecss, a8 well
a macked, amalogoes 1o QED, 3 quantum theory of electromagnetion, which i sospotdble
for binding mciel and electrons o moess, and molocdles and all condemsed matorials
However, the £aet that the gloon - the carrier of color force i QU iuself carries color charge
makes the formation of neclkeons aad sucks fundamentally differert from the formation of
atoens and molecule.  Since the color or colored foroe i expected 10 be confined invdde
mclecrm, suckeons et be wery chose 10 each other o form 3 seckes 8 QCD

The hindiang of suciecns into 2 suclons mest bo soasitive 10 how color is condined o the
mciecns and the color’s spatial distribetion, in particular, the natwre of the pioa doud of
the nocleons. The 3-D spatial imagag of quarks and gluoas mside the proton, as dacussed
earker in this documeet, teveals that 2 i the ow mossentan gluoes and sea quarks that
are o localand and lkely 0 be ditrituted B away from the ostter of nockoss, and
therofore, are respossible for the effective plon force 10 Mnd the audoons

Experiments st HERA of DESY laborstory in Cermany, have poovided the most a0
ourate information on the datnbutioos of gheoss and sea quarks insde a proton. They
discovered that the deseity of soft gleons in 2 proton, %o 3 in newtron, grows ragidly when
gloca motnestuss fraction r decrowon a0 the ghooen radiate. It iy of 3= onder of sagnitede
larger than sea quark densithes. The large number of soft gheoss leads materslly in QCD
10 the process of gluon ghece fisioa (recombination) reducing the number of gluons. The
talance betwoen the growth of gluoms 3 » decresses and the reduction due to the gluon
gluon fisson shosld lead to 3 phenossencn of ghaon turation. The scale 3t which the two
are oxsctly equal and opposite, & callid e saturstion scale Q,. This balunce was not
mambuguously cheerved Mt HERA

Having mose nuckons i 2 large nocleus leads to a larger sumber of soft gleons %0 en
banoe the peobability of gluca-gheon fisson, and 3 better chance 10 reach the mturation
region. The strongly isteracting and saturated ghaon matter, referred 23 Color Class Con-
dossate (OCC) mum exim in QCD. The large saturstod gheon domsity can genorate strony
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e Soon to be made public...

e ~ 120 pages
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= (White Paper editors)
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= Friendly theorists who have put up with me for months
asking for data in different forms

e EIC Science Task Force

= Especially L Zheng and T Toll for plots in this talk



Measuring the glue via Structure Functions
2
or (2, Q%) = FiM (2,Q%) — o Fi(2, Q)
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Measuring the glue via Structure Functions
2

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)

R x63210% 0 00010 Scaling violation: dF, /dInQ? and linear DGLAP
c§ - x=0.000161 HERA F, ,
- x=0.000253 .
E(—.D /" x=0.0004 —— ZEUS NLO QCD fit Evolution = G(X,Q )
~ .~ x=0.0005
Y s // x=0.000632 —— H1 PDF 2000 fit
/" %=0.0008
e H1 94-00
x=0.0013
4 H1 (prel.) 99/00
x=0.0021 = ZEUS 96/97
4 A BCDMS
x=0.0032
o E665
- x=0.005 o
x=0.008
3
2
1
0 | | | | |




Measuring the glue via Structure Functions
2
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
2
o (7, Q%) = Fi'(2,Q%) — <
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Saturation Scale, Qs

X A
= 2
e As we go higher in energy (larger < feattgﬁtion &« )
values of 1/x) we move away - > O
from the linear BFKL regime to 5
the non-linear BK/JIMWLK realm D
()
e Take advantage of the fact that E
gluons are self-interacting 5
] A BFKL
= Not only can we have gluon é DGLAP _
splitting, but also recombination e
1 e
> Tame the explosive growth of A%p In Q?
the gluon density in the nucleon s~ ag < 1

observed from fitting HERA data

£ = =

splitting recombination




Nuclear “oomph” effect

e \When we accelerate the
nucleus to high energy,

Boost

we give it a Lorentz boost

*
-

® [ncoming probe interacts
coherently with all of the

nucleons inthe nucleus 7 e, T
= Qs is given a boost -
simply by the geometry 5 @ =—
of the collision system o
2 1 3 1 )\ : Color Glass Condensate gl
AGeo
QS (:E) ~ A / - Confinement Regime
:E 20

103 10



Nuclear “oomph” effect

1\ AN /3

Pocket formula: QZ(z) ~ A'/*
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Fundamental questions which arise:

e What is the role of strong gluon fields, parton saturation
effects and collective gluon excitations in scattering off
nuclei?

= tantalising hints of a saturated/CGC regime have been
observed at HERA/RHIC/LHC

e Can we experimentally find the evidence of non-linear
QCD evolution in high-energy scattering off nuclei?

= X-dependence of DIS cross-sections and structure
functions

= [he discovery of the saturation regime would not be
complete without unambiguous evidence in favour of
these non-linear equations

10



Fundamental questions which arise:

e What is the momentum and spatial distribution of gluons and
sea quarks in nuclei?

= | arge-x: the physics of multiple scatterings at allows us to
reconstruct the momentum and impact parameter
distributions of gluons and sea quarks in nuclei

= Small-x: momentum distribution may allow us to identify the
saturation scale, Qs

e Are there strong colour (quark and gluon density) fluctuations
inside of a large nucleus? How does the nucleus respond to
the propagation of a colour charge through it?

= Need to understand fluctuations in order to fully understand
the spatial and momentum distributions of sea quarks and
gluons



Golden Measurements

Deliverables Observables | What we learn Stage-1 Stage-ll
iIntegrated nuclear wave .
. gluons at saturation

gluon FoL function; 103 < x < 1 eqime
distributions saturation, Qs J
kr dependent . non-linear QCD

gluons; di-hadron . onset of
. evolution / . measure Qs
gluon correlations . . saturation
universality

correlations

transport
coefficients in
cold matter

large-x SIDIS;
jets

parton energy
loss, shower
evolution:;
energy loss
mechanisms

light flavours
and charm;
jets

rare probes and
bottom;
large-x gluons

12



Silver Measurements

Deliverables Observables | What we learn Stage-| Stage-ll
integrated nuclear wave difficult .
. saturation
gluon Feo L, FPa function; measurement / redime
distributions saturation, Qs | interpretation J
charged current
flavour full flavour
and yZ EMC effect .
separated . separation for measure Qs
structure origin )
nuclear PDFs . 102<x<1
functions
non-linear QCD rare probes and
AT BTN SIDIS at small x| evolution / OIMEEL .Of bottom;
gluons . . saturation
universality large-x gluons
b-depend_ent DVCS: interplay moderate x with
gluons; . . between small- . smaller X,
diffractive . light, heavy .
gluon X evolution and . saturation
vector mesons nuclei

correlations

confinement

|3



How do we try to answer these questions?

e Need to undertake
nuclear DIS

measu rements at d 10% Measurements with A = 56 (Fe): e
new faClllty - e eA/uADIS (E-139, E-665, EMC, NMC) ]
[ = vADIS (CCFR, CDHSW, CHORUS, NuTeV)
= Existing | v e
102 :_ I.l : HENR _E
measurements — E oogoOoOo.o.o‘)i i .:. : :l m
" » > i °0o g .GO e o .O- ‘ O=
with heavyions § | R
Nv 10 = a® 5 ;.: ::: ; ; :::’:'. -
are very sparse <y ¢ GiimERt
L
’ perturbative el e : ’
o pertaraiive e B b B -
0.1 Ll L L1l ! Lo vl 1 Lo ol
104 107 1072 107 1
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How do we try to answer these questions?

e Need to undertake
nuclear DIS
measurements at a 103:— MeaSlIJrements withA2I56 (Fe): | |
new faC|||ty E o eAluADIS (E-139, E-665, EMC, NMC)

= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

= Existing ok

measurements < 38§ e yan
with heavy ions & PEgmi
are very sparse 4 ¢ e pas
; ;o
= Anew accelerator Lperturbative 7 R o e a a i
(eRH|C) with a E non-perturbative TH- I
staged approach f
would address 0.1 Ll
. 10 1073 1072 10 1
these questions y
IN a new phase
space

| 4



How do we try to answer these questions?

e Need to undertake
nuclear DIS
measurements at a
new facility

= EXisting
measurements
with heavy ions
are very sparse

A new accelerator
(eRHIC) with a
staged approach
would address
these questions
IN a new phase
space

Q? (GeV?)

103

102

10

IIII I I IIIIIII 1 I IIIIIII
— Measurements with A = 56 (Fe):

e eA/pA DIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

perturbative

_ non-perturbative

| 4



How do we try to answer these questions?

* Need to undertake
nuclear DIS
measurements at d 103 MeaSLIJrements withA2|56 (Fe): | E

= e eA/nA DIS (E-139, E-665, EMC, NMC)
neW faCI I Ity m  vADIS (CCFR, CDHSW, CHORUS, NuTeV)
.. [ o DY (E772, E866) .
= EXxisting : sl ..
measurements : 000 ot

with heavy ions
are very sparse

Q° (GeVZ)

= A new accelerator
(eRHIC) with a
staged approach
would address _ _
these questions X
IN a new phase
space

| 4



Integrated gluon distributions from
inclusive structure functions

15



Integrated gluon distributions
from Inclusive structure functions

Deliverables Observables | What we learn Stage-| Stage-ll
integrated nuclear wave .
. gluons at saturation
gluon Fo, function; 103 < x < 1 edime
distributions saturation, Qs J

distributions saturation, Qs | interpretation

iIntegrated nuclear wave difficult :
. saturation
gluon function; measurement / .
~ regime

charm diffractive

16



The effects of higher-twist corrections on F

proton
3 Fleadz'ng twist Ny
L L B e
Fy B
AR e
= ] S
1 3
4 1D
Iogm(x) K 2 \OQ\QK

e Plotting F_-Fleading twist/F coming out of saturation inspired GBW
model

= protons: little effect of leading twist corrections, only starting to
come in at small-x and small Q2

17



The effects of higher-twist corrections on F

proton Au (A=197)
F Fleadzng twaest 0- fipi g | 0" AR
L L ) _2_"_ FIELITITAITAEZA .. - _' i
¢ T L T £ | T
FL L S L LTI
£ ] I R E,_,:‘ | 7 e I
L6 e e FEECEE o R
L\L/ i F e R L L\L/ 1 ey e
_8_:»
] 3 3
-10- 2 -10
) -4 1@
Ing(X) -3 5 \OQ\O IOg,O(X) -3 2 \0%‘\0

e Plotting F_-Fleading twist/F coming out of saturation inspired GBW
model

= protons: little effect of leading twist corrections, only starting to
come in at small-x and small Q2

= Au: much larger corrections coming from leading twist contributions

> nuclear “oomph” effects well manifested in the FL structure function

17



Measuring the gluons: extracting FL

or(x,Q%) = Fi*(z, Q%) $+ i (z, Q%)

|18



Measuring the gluons: extracting FL
JT(ZIZ,QQ) — FQA(J;?QZ) v ( ’Q )

Y +
o L ~ O XG(X,QZ)

m \ = Q?2/xs

= require an energy
scan to extract FL

|18



Measuring the gluons: %xtracting FL

Y
or(2,Q%) = F3'(2,Q%) — S Ff (2,Q%)
o FL ~ s XG(x,Q2)

) y = QZ/XS 600 ] 00

=
a
pt
o)
T
/

= require an energy

; i g, ]
=~ 1 HERA| HERAII ~
scan to extract F = | 450
‘; 400 ; 1 wo
° 3 dlfferent prOton Té M_— 820 GeV 920 GeV 3“? : "
energies run at T : 3
HERA .::.2‘ 3""—':: —-E 20
3 Luminosity ]
T 150 = IIERA upgrade / = 150
= 2 |ow-statistics . improvement ~ ]
: / Background = 100
runs 0 — Hlupgrades problems 3 50
i : e e ""l /'/, , ‘ . I v . . : o
= pad for FL 1992 1994 1996 1948 2000 2002 2004 2006 2008

extraction

|18



Measuring the gluons: %xtracting FL

or(z,Q%) = F3'(z, Q%)

® FL ~ s XG(X,QZ)
= Y = Q2/Xxs

= require an energy
scan to extract FL

e 3 different proton

energies run at
HERA

= 2 |ow-statistics
runs

= bad for F
extraction

Y

H1 and ZEUS

Q=90 GeV’
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April 2010
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Measuring the gluons: %xtracting FL

or(z,Q%) = F3'(z, Q%)

o FL~ s XG(x,Q?)
= Yy = Q2/xs

= require an energy
scan to extract FL

e 3 different proton
energies run at
HERA

= 2 |ow-statistics
runs

= bad for F
extraction
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Measuring the gluons: %xtracting FL
or (2, Q%) = Fi'(2,Q%) — o Fi (2, Q)

® FL ~ s XG(X,QZ)
= Yy = Q2/xs

= require an energy
scan to extract F.

e 3 different proton
energies run at
HERA

= 2 |ow-statistics
runs

= bad for F
extraction

0.8 :
0.6 F
04 F

0.2 |

Y +

H1 and

ZEUS
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April 2010
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Measuring the gluons: ezxtracting FL

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)
e F ~ s XG(X,Q?)

April 2010

= y = Q2/Xs ] H1 and ZEUS
L
= require an energy _
scan to extract FL  0.4F $ 1 i $ :
B T 4+ [

e 3 different proton 0ol $ )W\LL. [Toe
energies run at i$ $ } NS NEE,
HERA O™ & "HERA prefiminary bsataipoie LT

o | = HERAPDF1.0 b-CGC dipole @
= 2 |low-statistics :
runs 0.2 I I
2
= bad for F 10 10 Q? / GeV?

extraction

HERA Inclusive Working Group



Feasibility study:

Strategies:

slope of y2/Y ., for
different s at fixed x &
Q2

e+p: 1st stage

5x50 - 5x325

running combined

4 weeks/each =

(50% eff) =
@)

stat. error shown

and negligible
ToDo:
'refine method &
test how well we

can extract FLin e+A |
'collisions |

o (z,Q%)

10° - - -
-1 @ 1. GeV?<Q%< 1.8 GeV? - - ]
1074 @ 1.8 GeV’<Q’<3.2 GeV? — o -4 Oopg —_%. °
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- ] __O ] —
12 Jow ] N
= o 1 @9 __tj) 10 =
104 — ' @ 8) — QOOO o - O@ o ® S ONC ) —
= - — = = " Yo
10 4 0.1<x<0.15 4 0.15<x<0.25 4 0.25<x<0.39 4 0.39<x<0.63 4 0.63<x<1.
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Feasibility study: o, (z,Q%) = F5'(z,Q?) TPz, Q)

Y +

- Q2=2.7GeV?, x=103

Strategies: r |
1_ _____________________________________________________
S|Ope Of y2/Y+ fOI‘ errors enlarged (x 50)
different s at fixed x & & osf
Q2 < |
<EIN 0.6_—
e+Au: 1st stage oo
) oc 04 BK
5X50 - Afl—dt — 2 fb 1 [ Beam Energies A[Ldt — rECPSOQ (CTEQ)
- —_— -1 - 50n50GeV 2 fb-1
5x75 - AfLdt =4 fb 02F ool T5 a0y 4t
5x100 Adet =4 fb-1 - 50n100 GeV 4 fbT Cu A
] __ 0"'*'+"
running combined 1 2 3 4 5 6 7
1.2
4 weeks/each [ Q?=27GeV? x =103
(50% eff) IR SO R omemme
I errors to scale
statistical errors only are S osf
shown < |
(L\L_l 0.6_—
u n ” L
Will be dominated by & o4l
. [ Beam Energies A[Ldt
systematics, but would I sonsocev 2w o
1L 5 75 GeV 4 fb1 rc
n_eed a_fu” .detector - 582 100 GeeV 4 fb! EPS09 (CTEQ)
simulation in order to 3] S N N I R S S
1 2 3 4 5 6 7

estimate them AV 20



Charm and diffractive structure functions, FP>  F¢o|
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Charm and diffractive structure functions, FP>  F¢o|

e [c | give more direct access to the gluon distribution than the inclusive F2
structure function

= Due to the high charm mass, they probe higher values of x
> Less sensitive to non-linear effects

= (QCD calculations with non-zero m¢; are scheme dependent
> Can absorb non-linear signals if not handled correctly
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Charm and diffractive structure functions, FP>  F¢o|

e [c | give more direct access to the gluon distribution than the inclusive F2
structure function

= Due to the high charm mass, they probe higher values of x
> Less sensitive to non-linear effects
= (QCD calculations with non-zero m¢; are scheme dependent
> Can absorb non-linear signals if not handled correctly
e FDy is also sensitive to the gluon distribution

= Differences between linear and non-linear models appear at higher Q2 than for
Fo (8 GeV2vs 2 GeV?)

> More experimentally challenging measurement than F»
00— “

0.03

_3 5
rp = 10 0021

Q2 — 5GeV? 001

L1



kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

22



kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

Deliverables Observables | What we learn Stage-| Stage-ll

Direct link between pr of produced
hadron and that of the small-x gluon

.
e+A— e {h) X

- dependent non-linear QCD onset of rare probes and
T aep SIDIS at small x| evolution / | bottom:
gluons ; . saturation
universality large-x gluons
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kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

e+A—re+h+h+ X

Deliverables Observables | What we learn Stage-| Stage-ll
AT depend.ent . non-linear QCD
gluons; di-hadron . onset of
. evolution / . measure Qs
gluon correlations . . saturation
; universality
correlations
etA—2e+h+ X
- dependent non-linear QCD onset of rare probes and
T dep SIDIS at small x| evolution / . bottom:;
gluons ; . saturation
universality large-x gluons
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di-hadron Correlations

¢ For details of these measurements, please refer to Liang
Zheng’s talk yesterday morning

¢ Plots come from his MC development as discussed yesterday

R p+p — 7070 + X, Vs =200 GeV d+Au — 070 + X, Vs =200 GeV d+Au — 0 0 + X, Vs =200 GeV

T}% - prL>2GeVic, 1GeVic<prg<pr. | 0.016F pr >2GeV/c, 1GeVic<prg<prL 0.03F pr >2GeVic, 1GeVic<prg<prL

= 0.02} (=32, (g)=3.2 | | 11,f t (N)=3.2, (ng)=3.2 : t (np)=3.1, (ng)=3.2

= S 0.025F

g‘j g 0.012f :

2 0.15¢ i 0.02

o - 0.01 [

o r i

o C i i

& . 0.008 0.015]

S 001 : ;

B 0.05¢ 0.004 - Peaks Zzaks

5 : Ad © i ' Ap © - o

® - ptp 0‘1) S 414001 0002} d+Au peripheral ¢ C 46 £ 0.02 0.005~ d+Au central 0 044 +002

S STAR Prellmlnary n  0.68+0.01 STAR Prellmlnary . 0.99+0.06 i STAIR Pre!lmlnalry T 1-63I t 0-2?

c et v b e by by [T BRI O |||||||| Lo b v by Ly v 1 v b v b v by b by 1

— 0" -1 O 1 2 3 4 -1 O 1 2 3 4 ) Q’] 0 1 2 3 4 5
Adp A¢p Ad
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di-hadron Correlations

¢ For details of these measurements, please refer to Liang
Zheng’s talk yesterday morning

¢ Plots come from his MC development as discussed yesterday

0.18 |
0.16 [
0.14 [
0.12

g o1

O 0.08 |
0.06 |
0.04 |
0.02[

o Lo

Q2=1 GeV?

4
4
ep
’
1

0.2

Ceau(Ap)

0.05 |

Saturation model prediction courtesy of

Bo-wen, Feng ...

0.15 |-

L EIC stage-ll
. [Ldt=10 fb-1/A

eAu - nosat

plri9ger > 2 GeVic

1 <p$ssoc <p’[Trigger

Inl<4
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di-hadron Correlations

¢ For details of these measurements, please refer to Liang
Zheng’s talk yesterday morning

¢ Plots come from his MC development as discussed yesterday

forward-forward mid-forward
1 o o - RHIC dAu, Vs = 200 GeV
- | | | I I I | —
T T
‘ eAu - nosat ‘ -
EIC stage-Il + 1 I |
fLdt = 10 fb1/A e Ll ﬂ I
2 : Pl f
S S l
- P — [ l
eAu - sat Q%=1 GeV? - |
p'99%" > 2 GeVic i I
1 < p3Ps0c < plriager 10 L | —— peripheral
Inl<4 - l —=— central
T R TR S S S RS S TR RS B 1 Lo 1 Lo | !
-3 2.5 -2 1.5 -1 1073 1072
10g10(Xg) Xfpr\ag

JeAu - relative yield of di-hadrons produced in eAu compared to ep collisions

Note that xa'29 is not an exact value - curves come from saturation model 7¢



b dependent gluons, gluon correlations from
DVCS and diffractive vector meson production
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Diffractive Vector Meson Production

Deliverables Observables | What we learn Stage-| Stage-ll
¢ depend_ent DVCS; NS EY moderate x with
gluons; . . between small- . smaller x,
diffractive . light, heavy ;
gluon X evolution and . saturation
vector mesons nuclel

correlations

confinement

28



b-dependent gluons from DVCS and DVMP

e Transverse position distribution of gluons can be determined from Deeply Virtual

Compton Scattering (DVCS: e+A — e+y+A) and Diffractive Vector Meson
Production (DVMP: e+A — e+VM+A)

= Proportional to the square of the gluon distribution!!

e (Coherent diffraction (intact nuclear target)
= transverse distribution of gluon density

e [ncoherent diffraction (dissociated nuclear target)
= transverse gluon correlations in addition
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Production (DVMP: e+A — e+VM+A)
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= transverse distribution of gluon density
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b -dependent gluons from DVCS and DVMP

Transverse position distribution of gluons can be determined from Deeply Virtual

Compton Scattering (DVCS: e+A — e+y+A) and Diffractive Vector Meson
Production (DVMP: e+A — e+VM+A)

= Proportional to the square of the gluon distribution!!

e (Coherent diffraction (intact nuclear target)
= transverse distribution of gluon density

e [ncoherent diffraction (dissociated nuclear target)
= transverse gluon correlations in addition

DVMP DVCS

DVCS and Bethe-Heitler interference terms become difficult

to distinguish experimentally 29



Hard Diffraction

* 3 is the momentum fraction of
the struck parton w.r.t. the

e Q2 Pomeron
q Ly ) e Xip = x/B: momentum fraction of
/ the exchanged object
) ] (Pomeron) w.r.t. the hadron
w? )/
, - X (My)
,' X 3 X Q?
,'I Xp Largest rapidity XL 1P QQ _|_ M % — t
: gap in event
o, P T or > Y (M)
~__" P',p'
{ N breakup of A
t=(p-p)

. . e Diffraction in et+A:
*Diffraction in e+p' » Predictions: 04iif/Otot in €+A ~25-40%

» HERA: 15% of all events are » Coherent diffraction (nuclei intact)

diffractive » Incoherent diffraction: breakup into nucleons
(nucleons intact)
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Visualising Diffractive events

ADIS event (experimental view)

THETA PHI

ridayv Eahriinrmvs R DN4 9D



Visualising Diffractive events

ADIS event (experimental view)

Activity in proton dlrectlon

‘-~ M ,ylf,,o//
=
®




| Visualising Diffractive events

. 24.2 GeV — sira THETA PHI
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Visualising Diffractive events

A diffractive event (experimental view)




Diffractive cross-sections: Saturation vs Non-Sat

Q? =5 GeV?
x = 3.3x107
.. stage-l

~~
~ao

e Ratio of diffractive to total
cross-sections between
saturation model (Marquet) and
Leading-Twist Shadowing
(Guzey, Strickman).

—_

e
N
|

----- eAu - Saturation Model
— ep - Saturation Model
'''' eAu - Non-Saturation Model (LTS)
— ep - Non-Saturation Model (LTS)

—_

e
w
|

E JLdt =10 fb™!, errors x 10

= \ery little difference for LTS

\S]

ratio (eAu/ep) (1/0tot) dogitf/dM;? (GeV-2)

5 E _%
2 '—- H*M _E
between e+p and e+Au, 2E :
independent of Q2 0sE osat(LTs)
0 [ 1 11
. 107 1 10
= [For saturation model, e+Au ~ _
. . 2= Gev2
2"e+p, again independent of el C=666105 _
C stage-l .

Q2

= Simulated error bars (10 fb-1)
can easily distinguish
between these two scenarios

10° |

> Note that the statistical

ratio (eAu/ep) (1/0tot) dogiff/dMZ (GeV-2)

errors are scaled on the plot 3 :
so they are visible! o5t no-sat (LTS) w E
107 1 10

M2 (GeV?) 35



Exclusive Vector Meson Production in e+A

e Many event generators exist for e+p collisions
= Pythia (v6), LEPTO, PEPSI, RAPGAP....
e Dearth of event generators for e+A collisions
= DPMJET-III
e Work at BNL (T. Toll, T. Ullrich) to write an e+A generator (SARTRE)
= (Comparison of saturation vs non-saturation scenarios
= First case study is that of exclusive diffractive J/@ production
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Exclusive Vector Meson Productlon N e+A
e+A — e+J/PY+A

.............

A Light Incoherent/Breakup

Intensity

do/dt

Coherent/Elastic

[

64 Angle
t4 to t3 t4

1t

e | ow-t: coherent diffraction dominates - gluon density
e High-t: incoherent diffraction dominates - gluon correlations

JVAYALVAVR

e Just like in optics - the positions of the diffractive minima are
related to the size of the obstacle

= 0; ~ 1/(kR)
37



Exclusive Vector Meson Production in e+A

1.2 e p(Au) — e p’'(Au’) Jhp 55 F e p/Au — €’ p’ /AU’ ¢
i Lee 3 - KK
IO“,m . | ’ | 2.0 l:t
e
i 1.8 %, e no saturation
§ . i m I |++ g 16F '0.'.. m saturation (bSat)
= 8 D , eyt ~~= C ®.
2 Illlil—l-llﬂi'iﬁ'*.*ﬂ‘*!*':+++++++ I I.T.lT| 2 r ..'0.....
/3\ I 5\ 14_ .QQ....I 0064
<q5 [ ® nosaturation <GE) 12 - coherent events only
Y 0.6 ; ot C
/K_D\ [ = saturation (bSat) ;i F Jldt=10 fo-1
2 s C  x<0.01
f\'_: 04k coherent events only f\f 0.8F
~ JLdt =10 fb-? ~ C -
X <0.01 0.6 - .,...--ll-il-n-llll'“““
L - EEE
Experimental Cuts: s Experimental Cuts:
0.2 0.4 P
h’](edecay)l < 4 C In(Kdecay)I < 4
p(edecay) > 1 GeV/C 02 » p(Kdecay) > 1 GeV/C
llllllllllllllllllllllllllllllllllllllllllll 0:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
i 2 3 4 5 6 7 8 9 10 i 2 3 4 5 6 7 8 9 10
Q? (GeV?) Q? (GeV?)

e Diffraction with final state VM - plots from Sartre event generator
= Clean - only one new final state particle generated
= Unambiguously identified via the presence of a rapidity gap
= J/ less sensitive to saturation effects that phi

> expected as ¢ has larger wave function
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Exclusive Vector Meson Production in e+A

4 E JLdt =10 b o coherent - no saturation 5 g fLdt =10 fb"" o coherent - no saturation
107 g 1<Q?<10 GeV? o incoherent - no saturation 10° &2 1<Q%<10 GeV? o incoherent - no saturation
E o x < 0.01 m coherent - saturation (bSat) =0 x < 0.01 m coherent - saturation (bSat)
< - .|:| |r}(edeca))l)| <14G » e incoherent - saturation (bSat) . . m O Ir](&(decag)l <14G y e incoherent - saturation (bSat)
- p(eq >1GeVlc o i p(Kyg >1GeVic
> 10° " Sth=5% = 107Emo G ess%
% § n (\D E L
c . O O -
= 102 Lpo000000000000000000000 < =
5 ;O' o 000000000000 an O CC000000C0C0000G0 e — _
ﬁ .................. O -
5\ 3. Ve 3 o = 102 5...-059....!.. ®
- - o i + =
: 10 = lH "o 2 = " ) 'i'jj:n:\:\:\:\:\:I l
z S Ln f B m O a" ....I m]
. - o 10E 50 .
? - *EF‘ ! § = b " |:||:|
> 1 2 = ) « -__.FES_TJI\:%D%
T‘ § + 1 = " s DD .... [m]
- L S m_n ,
SLO - | 5 g L] -"q. Ty
© -1 © B *i ¢$
10 = -1 '+ | *
= 107" & ++T+
SN AT - ¢
10'2_III|III|III|III|III|III|III|III|III 10'2_III|III|III|III|III|III|III|III|III
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0O 0.02 004 006 008 014 0.12 0.14 0.16 0.18
It] (GeV?2) It] (GeV?)

e [ ow-t: coherent diffraction dominates - gluon density
e High-t: incoherent diffraction dominates - gluon correlations
= Need good breakup detection efficiency to discriminate between the two scenarios
> unlike protons, forward spectrometer won’t work for heavy ions
= measure emitted neutrons in a ZDC
> rapidity gap with absence of break-up fragments sufficient to identify coherent events
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Comparison of Sartre to preliminary STAR UPC data

Coherent Diffraction (Y*+IP )
in UPC at RHIC

M{ n

® Coherent
diffractive p
production in Au

e STAR Preliminary +Au at ‘\/SNN=200
— Sartre (coherent) G ev

® Data: STAR/RHIC
Ultra-peripheral
AuAu Collision

® Simulation: Sartre

o1 .
-t [(GeV/cy’] 40




transport coefficients in cold nuclear matter
from large-x semi-inclusive DIS and jets

4|



Transport coefficients in cold nuclear matter

Deliverables Observables | What we learn Stage-| Stage-ll
parton energy
tra.n.sport | large-x SIDIS: loss, sh_ow?r light fIavour_s rare probes- and
coefficients in ots evolution; and charm; bottom;
cold matter J energy loss jets large-x gluons
mechanisms
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Jets and hadronization

e {, - production time of propagating quark
e th; - hadron formation time
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Jets and hadronization
! g What happens if

% --8 we add a nuclear
medium!?

e {, - production time of propagating quark
e th; - hadron formation time
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Jets and hadronization

h

What happens if
we add a nuclear
medium!?

e {, - production time of propagating quark
e ih; - hadron formation time
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Jets and hadronization

h

What happens if
we add a nuclear
medium!?

>

)

to ol
e {, - production time of propagating quark

e th - hadron formation time

Observables:

Broadening: ApQT — <p%>A — <p,_2r>p direct link to saturation scale
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Jets and hadronization

h

What happens if
we add a nuclear
medium!?

>

)

to ol
e {, - production time of propagating quark
e ih; - hadron formation time

Observables:
Broadening: ApQT — <p?p>A — <p,_2r>p direct link to saturation scale

Attenuation: RZ(QZ, v, Zh,p?r) : ratio of hadron production in A to D,
modifications of nPDFs cancel out



Jets and hadronization

h

hot nuclear
matter

e {, - production time of propagating quark
e th; - hadron formation time

Observables:
Broadening: ApQT — <p?p>A — <p%>p direct link to saturation scale

Attenuation: RZ(QQ, v, Zh,p%) : ratio of hadron production in A to D,
modifications of nPDFs cancel out



How can the EIC contribute?

HERMES:
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How can the EIC contribute?
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How can the EIC contribute?

HERMES: EIC:
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How can the EIC contribute?

HERMES:

Ec =27 GeV — /s =7.2 GeV
E, = 2-15 GeV
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How can the EIC contribute?

HERMES: EIC:
Ee =27 GeV — /s =7.2 GeV
En = 2-15 GeV
1 i | | | | | | | 1 | | [ | | | |
LA A A& A &K & & & 343 ®©® ®©® @© @© m m o @—
0.8 |- —+ —
3 T i
o= - -
= 0.6 |- — —
- A EIC m© T -
04 L ® HERMES n® | o EICq _]
L energy loss energy loss -
- — — — absorption T ——— absorption 7
0‘2 i ] | L1 1 | L1 1 | L1 1 | L1 1 1 ] | L1 1 | L1 1 | L1 1 | L1 1 _
02 04 06 0.8 02 04 06 0.8
Z Z

V = virtual photon energy
Zn = En/v

large V range — boost

hadronization in and out of nucleus 44



Jets at an EIC

e £E665 at FNAL have measured jets in u+A at
Vs ~30 GeV

= Feasible to start a jet programme in phase 1

= caveat that collider kinematics are different
to fixed target

Ratlo of Pb Lo D JetS

nrl iz e =
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Jets at an EIC

e £E665 at FNAL have measured jets in u+A at @ Ratlo of Two Farward Jot Cross Secticn
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1+1 jets, dominated by q processes — allow study |
of parton propagation through cold nuclear matter jet
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Jets at an EIC

e £E665 at FNAL have measured jets in u+A at
Vs ~30 GeV
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2+1 jets— sensitive to nuclear gluons
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By measuring 1+1 jets, can extract information on gluons
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Jets at an EIC

1+1 jets, dominated by g processes — allow study |
of parton propagation through cold nuclear matter jet

= Ag(, Q%) g (2,Q%) + Ay(w,Q%)ga (2, Q%)

: . jet 2 jet 2
2+1 jets— sensitive to nuclear gluons . |
jet 1 jet 1

By measuring 1+1 jets, can extract information on gluons
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Summary and Conclusions

e The e+A physics programme at an EIC will give us an unprecedented
opportunity to study gluons in nuclei

e | ow-x: Measure the properties of gluons where saturation is the dominant
governing phenomena

e Higher-x: Understand how fast partons interact as they traverse nuclear
matter and provide new insight into hadronization

e Understanding the role of gluons in nuclei is crucial to understanding RHIC
(and LHC) heavy-ion results

Good headway can be made on these measurements already
with a stage-l eRHIC (Ec = 5 GeV)

e The INT programme in the Fall of 2010 allowed us to formulate the
observables in terms of golden and silver measurements

= A detailed write-up of the whole programme is on the ArXiV

= An EIC White Paper (not just e+A) will be released to the community shortly
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DIS Kinematics
e(k) + p(p) — e(k) +X(px)

> (k,/)

¢ (ku) ()(

>

X(p,”)
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DIS Kinematics
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DIS Kinematics
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DIS Kinematics

’ ! M f
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DIS Kinematics

e(k) + p(p) — e(k) +X(px) Q' =—¢"=—(ku — k)" e

. r 6 power or
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Three quarks
held together by
gluons

Gluon splits into
“sea quarks”

Quarks split into
gluons split
into quarks ...
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Getting a “Feel” for Non-Linear QCD

d _
Dipole Model: =2 = 2\/(x, r, b)

d?b s
|
2
N(xz,r,b) =1 —exp (—7“2 27;\[ s ()G, ,uZ)T(b)>
c
N = Dipole Scattering Amplitude 0 dilute system, linear QCD

| saturated, non-linear regime
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Getting a “Feel” for Non-Linear QCD
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

[ @bRrdzpla Nt N Fo
T [RbBPrdz [Vh]e L N N);— FL

(N)a2.L

100

dilute

X 50



Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:
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